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1
CEMENT TESTING

TECHNICAL FIELD

This disclosure relates to measuring mechanical proper-
ties.

BACKGROUND

Some well bores, for example some o1l and gas wells, are
lined with a casing. The cemented casing stabilizes the sides
of the well bore, prevents tluids (liquids or gases) 1n the well
bore from entering the surrounding earth formations, and/or
prevents fluids from zones other than the producing zones
from entering the well bore.

In a typical cementing operation, cement 1s introduced
down the well bore and into an annular space between the
casing and the surrounding earth. The cement secures the
casing in the well bore, and prevents fluids from flowing
vertically 1n the annulus between the casing and the surround-
ing earth.

Different cement formulations are designed for a variety of
well bore conditions, which may be above ambient tempera-
ture and pressure. In designing a cement formulation, a num-
ber of potential mixtures may be evaluated to determine their
mechanical properties under various conditions.

Mechanical properties of subterrancan formations in
which well bores are to be formed can also atfect the design of
the well bores. In some 1nstances, samples of subterranean
formations are taken and subsequently evaluated to determine
the mechanical properties of the formations.

SUMMARY

Using the devices and methods described, cement samples
can be cured at downhole conditions and the curing or cured
sample subjected to tests including direct pull tensile strength
tests without removal from the pressure vessel being used to
maintain downhole conditions. This enables the application
of drained or undrained unconfined compressive testing con-
ditions, drained or undrained confined compressive testing
conditions, drained or undrained unconfined tensile testing
conditions, and drained or undrained confined tensile testing
conditions as well as hydrostatic test conditions and deriva-
tives.

In addition, cement samples can be tested while controlling
both the pore pressure within the cement sample and the
confining pressure applied to lateral exterior surfaces of a
cement sample. This can allow, for example, the pore pressure
to be controlled separately from the confining pressure.
Accordingly, the pore pressure can be maintained at the cur-
ing pressure, set equal to the confining pressure, or set at
another arbitrary value. This allows the user replicate tests
with different pore and confining pressures to verily that the
tensile strength/compressive strength of the sample 1s not
alfected by the relationship between pore and confining pres-
SUres.

In one aspect, systems for testing cement include at least
one cement testing apparatus. The cement testing apparatus
includes: a pressure vessel defimng: a working volume nside
the pressure vessel, the pressure vessel defining a first channel
providing liquid communication through the pressure vessel
to the working volume of the pressure vessel and a second
channel providing liquid communication through the pres-
sure vessel to the working volume of the pressure vessel; and
a substantially tubular sample container defining a sample
volume 1nside the sample container, the sample container
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2

comprising walls extending from a first end with an opening
to a second end with an opening, the sample container dis-
posed 1n the working volume of the pressure vessel with the
sample container substantially sealed to prevent liquid com-
munication between the sample volume of the sample con-
tainer and portions of the working volume of the pressure
vessel outside the sample container. The sample container 1s
positioned such that the first channel provides liquid commu-
nication through the pressure vessel to the sample volume of
the sample container; and the second channel provides liquid
communication through the pressure vessel to the portions of
the working volume of the pressure vessel outside the sample
container.

In one aspect, devices for testing cement include: a pres-
sure vessel with a sample container inside an interior working,
volume of the pressure vessel, the pressure vessel configured
to supply a first pressurized tluid to control a pore pressure of
a cement sample and to supply a second pressurized flud to
lateral exterior surfaces of the sample container to provide a
confining pressure that can be different than the pore pres-
sure.

Embodiments can include one or more of the following
features.

In some embodiments, the sample container includes: a
first end member; a second end member; and a tubular mem-
ber having walls that substantially sealed to the first end
member and the second end member, the tubular member

substantially more flexible than the first and second end mem-
bers.

In some embodiments, the end members are configured to
orip ends of a cement sample in the sample container. In some
cases, each of the end members of the sample container
defines an internal cavity that has a transverse first cross-
sectional dimension adjacent the tubular member and a sec-
ond transverse cross-section spaced apart from tubular mem-
ber that 1s larger than the first cross-sectional dimension.

In some embodiments, the first end member of the sample
container has a face extending across a first open end of the
tubular member, the first end member defining a channel 1n
liguid communication with the channel defined 1n the first end
cap of the pressure vessel and extending to an opening in the
face of the first end member. In some cases, the second end
member has a face extending across a second open end of the
tubular member, the second end member defining a frusto-
conical cavity extending from an opening in the face of the
second end member.

In some embodiments, the pressure vessel includes: a first
end cap; a second end cap; and a sidewall member extending
between the first end cap and the second end cap. In some
cases, the first end cap of the pressure vessel defines the first
channel through the end cap to the interior volume of the
pressure vessel. The second end cap can define a third channel
extending through the second end cap. In some cases, the
piston extends through an aperture in the second end cap of
the pressure vessel. The piston can define a channel extending
through the piston, the channel 1n the piston providing liquid
communication between an exterior of the pressure vessel
and the second end member of the sample container.

In some embodiments, the at least one cement testing appa-
ratus comprising a plurality of the cement testing apparatuses.
In some cases, systems also include: a first pressure source
operable to selectively supply pressurized liquid to the first
channels of the plurality of cement testing apparatuses; and a
second pressure source operable to selectively supply pres-
surized liquid to the second channels of the plurality of
cement testing apparatuses.
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In some embodiments, devices also include a piston which
can apply tension or compression along an axis of the cement
sample.

In one aspect, methods of testing cement include: control-
ling pore pressure 1 a cement sample nside a sample con-
tainer disposed 1n a pressure vessel of a testing apparatus
while the cement sample 1s curing to provide a first pressure
in the cement sample; and simultaneously controlling a con-
fining pressure applied to lateral exterior surfaces of the
sample container to provide a second pressure that can be
different than the first pressure. Embodiments can include
one or more of the following features.

In some embodiments, methods also include: mixing a
slurry of the cement sample at pressure conditions that are
different than ambient pressure conditions; and transferring
the slurry of the cement sample to the sample container for
curing without exposure to ambient pressure conditions.

In some embodiments, methods also include: selecting end
caps of the sample container based on tests to be performed;
assembling the sample container by attaching the end caps to
opposite ends of a substantially tubular sleeve which 1s more
flexible than the end caps; and filling the sample container
with slurry.

In some embodiments, methods also include: simulta-
neously setting 1nitial pressure and/or temperature conditions
in multiple testing apparatuses; 1solating at least one of the
testing apparatuses from others of the multiple testing appa-
ratuses; and testing a mechamical property of cement
sample(s) in the at least one of the testing apparatuses 1solated
from others of the multiple testing apparatuses. In some
cases, methods also include: calculating a faillure mode for the
cement being tested based on testing a mechanical property of
the cement sample in each of the multiple testing apparatuses.

In some embodiments, methods also include: curing a
cement sample at first pressure conditions that are different
than ambient conditions; and pulling on ends of the sample to
apply axial tension to the sample while maintaining the
sample at the first pressure conditions.

The methods and systems described can provide one or
more of the following advantages.

The methods and systems described can allow a liquid
slurry to cure at pressure and temperature conditions and,
while curing or after cured, to be tested for volume changes,
the mechanical response of the sample, and failure limits
without removing curing, or cured, cement from the testing
apparatus. Testing 1n the curing vessel can reduce the possi-
bility that removal of the sample from the testing apparatus
could impart damage to the sample that would influence
subsequent results. Testing 1n the curing vessel can also save
time and money, and reduces the limits on the ability to test
curing 1n a small time window relative to cure associated with
systems which require removal of the curing vessel for test-
ing.

The methods and systems described can allow for indepen-
dent control over pore pressure, confimng pressure, and load
magnitude, direction, and rate. In combination, the indepen-
dent control of these parameters allows for multiple samples
to be tested 1n replicate and with changes to one parameter at
a time to provide statistics as well as different testing condi-
tions.

The methods and systems described can provide the ability
to cure and test cement at conditions that represent a
cemented well casing.

The details of one or more embodiments are set forth 1in the
accompanying drawings and the description below.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a cross-section of a cement testing apparatus.
FIG. 2 1s a cross-section of a cement testing apparatus.
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4

FIG. 3 1s a cross-section of a cement testing apparatus.

FIG. 4 1s a schematic of a cement testing system with
multiple cement testing apparatuses.

FIG. § 1s a schematic of compressive testing ol a cement
sample.

FIG. 6 1s a chart representing results of compressive testing
of a cement sample.

FIG. 7 1s a schematic of confined compressive testing of a
cement sample.

FIGS. 8 and 9 are charts representing results of compres-
stve testing with various confimng loads.

Like reference symbols in the various drawings indicate
like elements.

DETAILED DESCRIPTION

The devices and methods described herein can allow an

accurate measurement ol mechanical properties and behav-
1iors of cement formulations including, for example, tensile
strength, compressive strength, shrinkage, and other proper-
ties. For example, a sample cement composition can be cured
or partially cured at downhole conditions (e.g., temperatures
and/or pressures elevated above ambient conditions) while
monitoring chemical and bulk shrinkage and, at a specified
time, changing the stress conditions applied to the sample
while monitoring the mechanical response until failure
occurs. Mechanical properties of the cement sample can be
calculated based on the response of the sample to the differ-
ential stress conditions while the failure limits established by
the material response or maximum stress endured before
tailure.

As used herein, “cement” and “cement composition”
encompass a flud mixture that hardens into solid, and may be
any agent suitable to bond casing or other tubulars to well
bore walls or to other tubing used for downhole applications.
Some examples of cement include hydraulic cement (e.g.,
Portland cement formulations) and non-hydraulic cement
(e.g., polymer resin formulations). As used herein, “curing”
refers to the reactions through which cement hardens from a
fluid mixture into a solid. In some 1nstances, the devices and
methods discussed herein can be used to measure mechanical
properties at temperatures and pressures that simulate down-
hole conditions.

As used herein, “tube” and “tubular” encompass hollow
members (e.g., hollow members made of metal, glass, rubber,
or other material) with open ends. Such hollow members can
be, but are not necessarily, cylindrical 1n shape.

As used herein, “piston” encompasses driving mechanisms
including, for example, hydraulic pistons, power screws, lin-
car actuators. Thus, the piston does not necessarily seal
against the pressure vessels described below.

Referring to FIG. 1, a cement testing apparatus 100 that
includes a pressure vessel 102, a sample container 104, and a
piston 106 can be configured for testing the tensile strength of
a cement sample. The illustrated testing apparatus 100 1s
substantially cylindrical 1in shape. However, in some embodi-
ments, the testing apparatus 100 can have other shapes (e.g.,
can be substantially rectangular in shape). The modular
nature of the pressure vessel 102 and the sample container
104 can facilitate providing different testing apparatus con-
figurations. For example, the configuration illustrated in FIG.
1 can be used to test the tensile strength of a cement sample.
As discussed 1n more detail below, the cement testing appa-
ratus 100 can be configured for testing compression strength
of the cement sample by choosing different components and
configurations.




US 8,783,091 B2

S

The pressure vessel 102 can have an interior working vol-
ume 108 defined by a first end cap 110, a second end cap 112,
and sidewall member 114 formed by a hollow cylinder
extending between the end caps 110, 112. The pressure vessel
102 can also include an 1solation ring 115.

The first end cap 110 defines a channel 116 extending

through the first end cap 110. The end cap 110 includes a
shoulder 118 configured for press-fit engagement with side-
wall member 114. A seal 120 (e.g., an O-ring) 1s disposed in
groove 122 and can limit (e.g., substantially prevent) leakage
between the first end cap 110 and the sidewall member 114. In
some cases, a seal 120 such as an O-ring 1s disposed of 1n a
groove 122 formed 1n the sidewall member 114 rather than 1n
the first end cap 110. In some cases, pressure vessels can use
other sealing mechanisms including, for example, matching
threads or metal-to-metal seals.

A bore 124 formed 1n the inner side of the first end cap 110
1s sized to recerve the lower end of the sample container 104.
The channel 116 1n the first end cap 110 extends from a port
126 formed 1n a surface of the first end cap 110 to an opening
128 which provides liquid commumnication with an internal
working volume 108 of the pressure vessel 102. The opening,
128 1s positioned to provide liqud communication with an
interior sample volume 130 of the sample container 104 when
the sample container 104 1s installed 1n the pressure vessel
102. In the 1llustrated embodiment, the opening 128 1s posi-
tioned 1n the center of the bore 124. Some embodiments
include more than one opening 128 and/or grooves along the
face of bore 124 to distribute the fluid being used to control
the pore pressure of the sample.

The port 126 can be configured to recerve the end {fitting
(not shown) of tubing to convey fluid from a pressure source
to the channel 116. In some situations, a plug (not shown) can
be used to substantially seal the port 126. A slight groove 132
can be formed extending around part or all of the lateral outer
surface of the first end cap 110. The groove 132 can facilitate
handling and sealing the pressure vessel 102.

Terms of relative orientation such as upper, lower, above,
and below are used relative to the orientation of embodiments
shown 1n the figures being discussed. Although such terms do
not require that the illustrated devices be oriented as shown in
the figures, the cement testing apparatus 100 will typically be
oriented as shown 1n FIG. 1 during use.

In the illustrated embodiment, the second end cap 112 1s
substantially similar to the first end cap 110. The second end
cap 112 includes a channel 116 extending from port 126 to
opening 128. The primary diflerence between the first end cap
110 and the second end cap 112 1s that the bore 124 formed 1n
the second end cap 112 1s sized to recetve a portion of the
piston 106 where the bore 124 1n the first end cap 110 1s sized
to receive the lower end of the sample container 104.

The sidewall member 114 is attached to the end caps 110,
112 by pressfit engagement between the sidewall member
114 and the end caps 110, 112. This configuration provides
for easy assembly and disassembly of the pressure vessel 102.
However, this configuration can require an external locking
mechanism (not shown) to hold the pressure vessel 102
together as a pressurizing fluid i1s supplied to the interior
volume 108 of the pressure vessel. In some embodiments, the
end caps 110, 112 and the sidewall member 114 have match-
ing threads on the exterior surfaces of the end caps 110, 112
and the corresponding to interior surfaces of the sidewall
member 114. In these embodiments, the end caps 110, 112
and the sidewall member 114 can be screwed together. Alter-
natively, the end caps 110, 112 and the sidewall member 114
can also be attached using J-lock attachment mechanisms.
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The sidewall member 114 can define two ports 126 with the
upper port 126 positioned at or near the upper end of the
interior volume 108 of the pressure vessel 102. The ports 12
defined by the sidewall member 114 act as channels providing
liquid communication through the pressure vessel 102 to the
working volume of the pressure vessel. The ports 126 defined
by the sidewall member 114 are positioned such that the ports
126 1n the sidewall member 114 provide liquid communica-
tion through the pressure vessel 102 to the portions of the
working volume 108 of the pressure vessel 102 outside the
sample container 104 when the sample container 104 1s
installed in the pressure vessel 102. The upper port 126 can be
used to bleed off one fluid (e.g., air) while the iterior volume
108 of the pressure vessel 102 1s being filled with a denser
second fluid (e.g., a petroleum based pressurizing fluid or
water).

The 1solation ring 115 has O-ring 120/groove 122 combi-
nations to limit fluid flow both between the 1solation ring 1135
and the sidewall member 114 and between the 1solation ring
115 and the piston 106. In some embodiments, rather than
being a separate component, the 1solation ring 115 1s 1ncor-
porated as part of the second end cap 112 of the pressure
vessel 102.

During use, the temperature of tluid 1n the pressure vessel
102 can range from room temperature to the high tempera-
tures associated with downhole conditions (e.g., up to 1000
degrees Fahrenheit). The pressure of the fluid 1n the pressure
vessel can range from atmospheric pressure to the high pres-
sures associated with downhole conditions (e.g., up to 50,000
ps1). The components of the pressure vessel 102 can be made
from materials which are strong (e.g., able to maintain struc-
tural stability when subjected to high pressures), are durable
(e.g., resistant to corrosion by the anticipated pressurizing
fluids 1n the anticipated temperature and pressure ranges ), and
can be formed with the precision necessary to maintain sub-
stantially pressure-tight engagement between the compo-
nents under testing conditions. For example, the end caps
110, 112 and sidewall member 114 can be machined from
stainless steel. Alternatively, the end caps 110, 112 and side-
wall member 114 can be formed using casting, laminating, or
molding techniques from maternials including, for example,
steel, alloys, or composite fibers with a resin structure.

The sample container 104 includes walls 136 extending
from a first end 138 with an opening 140 to a second end 142
with an opeming 144. The walls 136 defined the interior
sample volume 130 of the sample container 104. The sample
container 104 has a substantially tubular shape. The sample
container 104 can be disposed 1n the working volume 108 of
the pressure vessel 102 with the sample container 104 sub-
stantially sealed to prevent liquid communication between
the sample volume 130 of the sample container 104 and
portions of the working volume 108 of the pressure vessel 102
outside the sample container 104. For example, the walls 136
of the sample container 104 illustrated 1n FIG. 1 are formed by
a first end member 146, a second end member 148, and a
tubular member 150 having walls that can be substantially
sealed to the first end member 146 and the second end mem-
ber 148. The tubular member 150 1s more flexible than the
first and second end members 146, 148. For example, in the
embodiment illustrated in FI1G. 1, the tubular member 150 can
be formed of rubber and the first and second end members
146, 148 can be formed of stainless steel. The first and second
end members 146, 148 have grooves 152 formed extending
into mnner surfaces of the end members 146, 148. The grooves
152 are sized and configured to recerve tlanges 1354 extending,
outwards from the ends of the tubular member 150. Engage-
ment between the grooves 152 of the first and second end
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members 146, 148 and the flanges 154 of the tubular member
150 both provides a seal between and holds together the end
members 146, 148 and the tubular member 150. Some
embodiments use other methods of attachment including, for
example, pressfit engagement, threaded engagement, or
J-lock attachment mechanisms.

The lower end of the first end member 146 1s received in the
bore 124 of the first end cap 110. The lower end of the first end
member 146 recerves a seal 120 (e.g., an O-ring) disposed in
the groove 122 formed 1n an outer surface of the first end
member 146. In some cases, the seal 120 can be disposed of
in a groove 122 formed 1n the mner surface of the sidewall
member 114 rather than 1n the outer surface of the firstend cap
110.

The upper end of the first end member 146 includes out-
wardly extending flanges 156. The outwardly extending
flanges 156 of the first end member 146 do not, under normal
conditions, contact the sidewall member 114. The outwardly
extending flanges 156 of the first end member 146 of the
sample container 104 and the first end cap of the pressure
vessel 102 include corresponding multiple threaded bores
which allow the first end member 146 of the sample container
104 to be bolted to the first end cap of the pressure vessel 102.
These bores and bolts are not shown because they do not lie 1n
the plane of the cross-section shown 1n FIG. 1. Some embodi-
ments use other methods of attachment including, for
example, pressfit engagement, threaded engagement, or
J-lock attachment mechanisms.

The lower end of the second end member 148 also has
outwardly extending flanges 156. The outwardly extending
flanges 156 of the second end member 148 include multiple
threaded bores 158 which allow the piston 106 to be bolted to
the second end member 148 of the sample container 104. In
the illustrated embodiment, no additional sealing mecha-
nisms are provided to limit the flow of fluid between the
piston 106 and the sample container 104. However, some
embodiments include sealing mechanisms between the pis-
ton 106 and the sample container 104 such as the O-ring
120/groove 122 combination used elsewhere in the testing
apparatus 100.

The end members 146, 148 are configured to grip ends of a
cement sample 1n the sample container. For example, 1n the
illustrated embodiment, the end members 146, 148 of the
sample container 104 define an internal cavity 160 that 1s part
of the sample volume 130 of the sample container 104. The
internal cavities 160 of the end members 146, 148 each have
a transverse 1irst cross-sectional dimension d1 adjacent the
tubular member 150 and a second transverse cross-section d2
spaced apart from tubular member 150 that 1s larger than the
first cross-sectional dimension d1.

The end members 146, 148 can be machined from stainless
steel. Alternatively, the end members 146, 148 end caps 110,
112 can be formed using casting, laminating, or molding
techniques from materials including, for example, steel,
alloys, or composite fibers with a resin structure. The tubular
member 150 can be molded from rubber. Alternatively, the
tubular member 150 can be formed using machining or lami-
nating techniques from materials including, for example,
CpOXY Or resins.

The piston 106 has a first end that recerves the second end
member 148 of the sample container 104 and a second end
that 1s recetved by the 1solation ring 115 and the bore 124 of
the second end cap 112 of the pressure vessel 102. Threaded
bores 156 1n tlanges extending outward from the first end of
the piston allow the piston 106 to be bolted to the second end
member 148 of the sample container 104. The second end of

the piston 106 defines a threaded bore 162. The threaded bore
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162 1s provide to help 1n disassembling the apparatus. After
testing, a threaded tool or bolt can be screwed 1nto threaded
bore 162 to provide a point of purchase for applying force to
detach the piston 106 from the sample container 104. The
piston can be machined from stainless steel. Alternatively, the
piston 106 can be formed using casting, laminating, or mold-
ing techniques from materials including, for example, steel,
alloys, or composite fibers with a resin structure.

Testing apparatuses can include sensors to measure param-
eters used to calculate properties of samples being tested. For
example, testing apparatus 100 may include linear variable
displacement transducers (LVDTs) positioned at 120 degree
intervals around a circle around the end members 146, 148 of
the sample container 104 or in other suitable positions. The
average reading of the three LVDTs can be used to character-
1ze the length change of the sample during testing. In addition,
LVDTs can be used to measure tangential changes in defor-
mation of the sample. Other sensors, such as extensometers,
clectrical strain gauges or fiber optic strain gauges, can be
used 1 addition to or in place of the LVDTs to measure
relevant parameters. For example, four strain gauges (two
vertical and two tangential) could be attached to interior
surfaces of tubular member 150 to provide material data that
would be difficult to obtain otherwise. Alternatively, strain
gauges could be attached to exterior surfaces of tubular mem-
ber 150. Similarly, the amount of fluid (e.g., water) pumped
into the pressure vessel 102 as the cement cures can provide
a measure of cement shrinkage. Pressure and temperature
sensors can be included to measure pressures and tempera-
tures present during testing. Pressure, temperature, and strain
sensors can be used as feedback to control the test process.
For example, pressure sensors can control the pump to pres-
sure up or down dependent upon a controlled set point. Like-
wise, the piston loading the test specimen can be actuated in
a direction depending on the detlection or strain measure-
ments experienced by the sample.

Temperature can be controlled to simulate downhole con-
ditions during testing or at other times. For example, in testing
cement, the testing apparatus 100 and cement slurry can be
preheated during mixing. The desired temperature can be
maintained as the sample cement composition cures using
external heating elements (e.g., heater coils or stainless steel
heater bands) or placing the testing apparatus 100 in an oven.
Likewise the testing apparatus could also be heated 1n a
profile that sitmulates the temperature a cement system would
experience from mixing, placement, and curing during
cementing a wellbore casing string.

As shown 1n FIG. 2, the cement testing apparatus 100 can
also be configured for compression testing of a cement
sample. In this configuration, the pressure vessel 102 can
include the same end caps 110, 112 and sidewall member 114
described above with respect to FI1G. 1. Sample container 104
can include the same tubular member 150 described above
with respect to FIG. 1. The primary difference between con-
figurations 1s that the sample container 104 includes different
end members.

A first end member 164 of the sample container 104 has a
face 168 extending across a first open end of the tubular
member 150. The first end member 164 defines a channel 170
in liquid communication with the channel 116 defined 1n the
first end cap 112 of the pressure vessel 102 and extending to
an opening 172 1n the face 168 of the first end member 164.
The combined channels enable a pressure source (not shown)
connected to the port and the first end cap 110 of the pressure
vessel 102 to control the pore pressure of a cement sample in
the sample volume 130 of the sample container 104. A second
end member 166 of the sample container 104 has a face 169
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extending across a second open end of the tubular member
150. The second end member 166 defines a buller space
which can be used to compensate for the expansion or con-
traction of a cement sample during hydration and/or curing.
In the illustrated embodiment, the bulfer space 1s a frusto-
conical cavity extending from an opening in the face 169 of
the second end member 166. In some cases, other shapes can
be used.

As shown 1n FIG. 3, the cement testing apparatus 100 can
also be configured such that a slurry of a cement sample can
be mixed at pressure and temperature conditions that are
different than ambient pressure conditions and then be trans-
terred to the sample container for curing without exposure to
ambient pressure conditions. In this configuration, the sample
container 104 can include the same end members 164, 166 as
described above with respect to FIG. 2. The primary differ-
ence between the configurations shown 1 FIG. 2 and 1n FIG.
3 1s that a piston 174 has an end that extends through an
aperture in a second end cap 184 of the pressure vessel 102.
The piston 174 defines a channel 175 extending through the
piston 174. The channel 175 1n the piston 174 provides liquid
communication between an exterior of the pressure vessel
102 and the second end member 166 of the sample container
104. In the 1llustrated embodiment, the channel 175 can dis-
charge a cement slurry into the buffer space 182.

In the 1llustrated embodiment, the piston 174 1s used 1n a
cement testing apparatus 100 configured for testing the com-
pressive strength of the cement sample. In some cases, a
similar piston can be used 1n a cement testing apparatus 100
configured for testing the tensile strength of the cement
sample. For example, the piston 174 and the end cap 184 of
the pressure vessel 102 can be used in place of the piston 106
and the end cap 112 shown 1n FIG. 1.

The testing apparatus 100 can be used to perform a variety
of tests on cement samples including, for example, tests for
uniaxial compressive strength, triaxial compressive strength,
uniaxial tensile strength, and hydrostatic strength. After
determining which test a specific testing apparatus 100 will
be used to perform, the appropriate components of the spe-
cific testing apparatus 100 are assembled and filled with a
slurry of the cement to be tested.

In some embodiments, systems can include multiple test-
ing apparatuses 100 attached in parallel to three pressure
sources (e.g., pumps 176, 178, 180) as shown 1n FIG. 4. The
pump 176 can be used to apply the desired load for a specific
test, the pump 178 can be used to control the confining pres-
sure applied to lateral side surfaces of the sample, and the
pump 180 can be used to control the pore pressure of the
sample. Running specific tests on multiple testing appara-
tuses can provide the data necessary to run statistical analyses
on the resulting strength and property measurements. Run-
ning different tests on multiple testing apparatuses can pro-
vide data to build performance envelopes for the cement
system under evaluation.

A user preparing and filling the testing apparatus 100 for
tensile strength testing of a cement sample begins by selecting
the appropriate sample container end member (e.g., end
member 146) and inserting the end member 146 into pressiit
engagement with the first end cap 110 of the pressure vessel
102. The end member 146 of the sample container 104 can
then be bolted to the first end cap 110 of the pressure vessel
102. The tubular member 150 can then be inserted into
engagement with the first end member 146 of the sample
container 104. The second end member 148 of the sample
container 104 can then be attached to the tubular member 150.
Measurement devices as discussed above can then be
attached to measure the diameter of the tubular member 150
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and the distance between the end members 146, 148. The
sidewall member 114 of the pressure vessel 102 can then be
slid down over the components 146, 148, 150 of the sample
container 104. The sidewall member 114 can then be attached
to the firstend cap 110 of the pressure vessel 102. At this time,
the sample volume 130 of the sample container 104 can be
filled with the cement slurry to be tested. The piston 106 can
then be placed 1n position and bolted to the second end mem-
ber 148 of the sample container 104. The lower port 126 1n the
sidewall member 114 can be used to fill the portion of the
working volume 108 of the pressure vessel 102 outside of the
sample container 104 with a temperature-stable pressurizing
flmd (e.g., water). Air being displaced by the pressurizing
fluid can be vented through the upper port 126 1n the sidewall
member 114. The 1solation ring 115 and the second end cap
112 of the pressure vessel 102 can then be 1nstalled.

A user preparing and filling the testing apparatus 100 for
tensile strength testing of a cement sample mixed at other than
ambient conditions uses a generally similar process to the
previously discussed tensile strength testing preparation.
However, the piston 174 and associated end cap 184 are used
rather than piston 106 and end cap 112. After the testing
apparatus 100 1s assembled, the sample volume 130 of the
sample container 104 and the working volume 108 of the
pressure vessel 102 can be filled with the pressurizing fluid.
The heated and pressurized cement slurry can be pumped into
the sample volume 130 through channel 175 1n the piston 174.
This approach allows mixing a slurry of the cement sample at
pressure conditions that are different than ambient pressure
conditions; and then transferring the slurry of the cement
sample to the sample container for curing without exposure to
ambient pressure conditions.

A user preparing and filling the testing apparatus for com-
pressive strength testing of a cement sample mixed at ambient
conditions uses a generally similar process to the previously
discussed tensile strength testing preparation for a sample
mixed at ambient conditions. However, end members 164,
166 rather than end members 146, 148 are used for the sample
container 104. The sample volume 130 1s filled through the
builer space 182. The cement slurry can be added to the
sample container 104 to fill the tubular member 150 and part
ol the butfer space 182. The butler space 182 can compensate
for the expansion or shrinkage of the cement sample during
curing and increase the likelihood that the interior of the
tubular member 150 1s full when testing begins.

A user preparing and filling the testing apparatus 100 for
compressive strength testing of a cement sample mixed at
other than ambient conditions uses generally similar process.
The sample container 104 1s assembled with the compressive
strength testing end members 164, 166. The pressurizing
slurry piston 174 1s used with the associated end cap 184 of
the pressure vessel 102.

Cements shrinkage and/or expansion can be monitored
during curing by directly measuring the size of the sample
and/or by volumetric measurements based on the amount of
fluids provided to the working volume 108 of the pressure
vessel 102 and the sample volume 130 of the sample con-
tainer 104. The volume of fluid provided to the working
volume 108 of the pressure vessel 102, or the changes 1n the
measurements of sample size, can provide an indication of
bulk shrinkage. The volume of fluid provided to the sample
volume 130 of the sample contaimner 104 can provide an
indication of chemical shrinkage.

The testing apparatuses 100 can be used to perform both
compressive and tensile strength tests. Compressive tests are
performed by applying an axial compressive force to the
sample as shown 1n FIG. 5. In contrast, direct tensile strength




US 8,783,091 B2

11

tests are performed by applying an axial pulling force on the
sample. In either compressive or tensile strength tests, the
force 1s gradually increased until the cement sample has
failed, or seen the maximum amount of force available has
been applied. Measurements are made of the force, axial
deformation (AL), and diametric deformation (AD). From
this information the engineering parameters normal stress
(0), axial strain (ea), lateral strain (el), Young’s Modulus
(YM) and Poisson’s Ratio (PR) as well as the compressive
strength (CS) can be determined.

Normal stress 1s defined as a force applied perpendicular to
a unit of area. Axial strain 1s defined as the amount of dimen-
sional change (AL) relative to the orniginal length (L0) 1n the
direction of primary stress. Lateral strain 1s defined as the
amount ol dimensional change (AD) relative to the original
Diameter (D0) 1n a direction perpendicular to the primary
stress.

The results of cement compressive tests can be presented as
stress versus strain as shown in FIG. 6. In rock mechanics,
compressional stress 1s typically defined as positive; thus, a
reduction in dimension 1s presented as a positive strain. For
the example stress-strain curve, the positive strain (€) portion
of the x-axi1s 1s equivalent to the axial strain (ea). The curve
associated with positive strain 1s measured and mathemati-
cally dertved from the axial deformation and pressure sensors
in an individual testing apparatus 100. When cement 1is
deformed axially 1n compression, it has the tendency to
expand 1n the lateral direction. This results 1n a strain value
that 1s negative. The curve associated with the negative strain
values, or lateral strain (el) 1s dernived from the diametric
deformation and pressure sensors 1n an individual testing
apparatus 100.

Young’s Modulus (YM) 1s a measure of the stifiness of an
1sotropic elastic material and 1s defined as the ratio of the axial
stress over the axial strain 1n the range of stress 1n which the
material has a tendency to deform linearly under stress. In
moderate stress levels, cement typically deforms linearly and
therefore 1ts modulus 1s often reported. The Young’s Modulus
of a cement sample 1s determined experimentally by taking
the slope of a linear regression on the stress-strain plot over a
known stress range (see, e.g., the darkened portion of the
positive strain curve 1n FIG. 6). In other methods, the Young’s
Modulus can be derived on different portions of the stress-
strain curve or from zero to a point along the stress-strain
curve.

Poisson’s Ratio, which characterizes the lateral deforma-
tion as a function of axial deformation 1s the ratio, when a
sample object 1s stretched, of the contraction or transverse
strain (perpendicular to the applied load), to the extension or
axial strain (1n the direction of the applied load). The Pois-
son’s Ratio of a cement sample 1s determined experimentally
by calculating the ratio of lateral strain change to axial strain
change experienced over the same stress range.

The unconfined compressive strength 1s the maximum
stress that cement can endure when the confining pressure
(e.g., the pressure 1n the working volume 108 of the pressure
vessel 102 outside of the sample container 104) 1s zero. It 1s
determined experimentally by destructively testing the
cement. The maximum stress recorded at failure 1s the uncon-
fined compressive strength.

Compressive testing can also be performed with stresses
applied 1n more than one direction. For example, a confining
pressure can be used to apply fluid pressure on the lateral side
surfaces of a sleeved test specimen as shown 1n FIG. 7. This
results 1n a stress (02) along the curved surface equal to the
fluid pressure. The primary stress (01) can still be applied
mechanically through the hydraulic system. The unconfined
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compression test 1s a simplified version of the triaxial test
with the confining pressure (02) lett equal to zero. The engi-
neering parameters, previously discussed, can also be deter-
mined for a test result where the stress-strain relationship 1s
recorded.

Initially, 1n confined compressive strength testing the fluid
pressure (02) and the mechanical load (ol) are simulta-
neously brought to a predetermined value for the confiming
pressure. Then the mechanical load (01) 1s increased (or
decreased depending on load direction) until sample failure
occurs (while the confining pressure (02) 1s held constant).
The maximum load the sample withstands minus the confin-
ing stress (02) 1s defined as the confined compressive
strength. The material response and failure limits are influ-
enced by various confining loads. For example, FIG. 8 1llus-
trates exemplary compressive test results at three confining
pressures: 0 (or unconfined), 500, and 1,000 psi. The slope of
the linear portion of the stress-strain curves change margin-
ally while the ultimate stress experienced 1s greatly different.
As conflning pressure increases, the compressive strength
Increases.

Stress at a point 1n a solid body has both shear and normal
stress components. Analysis of the stress-state in the simple
test specimen exposed to normal stresses of 01 and o2 at the
boundary actually results 1n both shear and normal stresses at
points within the sample. The transformation equation relat-
ing the shear and normal stresses takes the form of “Mohr’s
circle.” This concept 1s important for cement testing because
physical observations of failed samples subjected to normal
stresses are found to actually fail 1n shear. This 1s especially
true when cement 1s tested 1n a confined state. As shown on
FIG. 9, Mohr’s circle for a confined compressive test can be
plotted as a half-circle on stress-strain plot in which the con-
fining pressure (02) for the test 1s the beginning of each half
circle and the maximum stress at failure (o1) for the test 1s the
end of each half circle. Each circle has a radius equal to
(01-02)/2 which 1s also the maximum shear stress experi-
enced during the test or failure limit of the test.

A Tailure envelope can be defined by performing several
confined tests each yielding a Mohr-circle. The failure limait
for each case 1s used to establish a failure envelope which 1s
defined by the Mohr-Coulomb shear failure line or similar
model. This line’s y-intercept 1s the “Cohesion” of the sample
and the slope 1s the “Friction Angle” of the sample. A linear
regression of the maximum axial stress (01) versus the con-
fining stress (02) 1s used to determine the friction angle and
cohesive strength. The slope, o, of the linear least squares {it
1s used to calculate friction angle (@) while the cohesive
strength (S0) 1s determined using Unconfined Compressive
Strength and the friction angle. Subsequently, a stress state
represented by a Mohr-Circle can be compared to the Mohr-
Coulomb shear failure envelope. If the circle crosses the
envelope, then a shear failure 1s expected.

The maximum “pulling” stress that a cement sample can
withstand 1s defined at the tensile strength (TS). The tensile
strength of a sample can be tested indirectly or directly. Direct
testing (e.g., by actually pulling on the sample until 1t breaks)
can provide different, possibly more accurate results than
indirect testing. However, direct testing typically requires
removing the sample from the pressure vessel in which 1t has
been cured.

The results of tensile strength testing can be plotted on
stress-strain curves and analyzed 1n similar fashion to that
discussed above for analyzing the results of compressive
testing.

Multiple testing apparatuses 100 can be attached to the
pressure sources 176,178,180 as shown 1n FI1G. 4. The valves
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can all be opened and 1n the pressure sources 176, 178, 180
used to bring the system to an 1nitial pressure for curing. As
discussed above, the temperature of the system can also be
controlled. Depending on the specific test being conducted,
an 1individual testing apparatus 100 may be brought to curing
pressure belore receiving the cement sample or may be
brought to curing pressure aiter recerving the cement sample
to be tested. After initial temperature and pressure conditions
are set, the cement samples can be cured for a desired period
of time (e.g., 8-72 hours, up to 14 days, or up to 6 months).
Testing can be preformed on semisolid (e.g., partially cured)
or solid (e.g., cured) samples.

After the cement samples have been cured for the desired
period of time, the tests can be performed. The valves V0.1
and V0.2 can be closed to 1solate the pumps 176, 178, 180
from each other. All valves, except the valves associated with
the particular testing apparatus 100 being used to perform the
current test, can be closed to lock 1n pressure 1n the other
testing apparatuses 100. The pumps 176, 178, 180 can then be
operated to perform the test that the particular testing appa-
ratus 100 1s configured for by controlling the pumps as 1ndi-
cated 1n (but not limited to) Table 1. In particular, the load
pressure can be increased or decreased as indicated 1n Table 1
until the cement sample fails. Failure of the cement sample
can be indicated, for example, by a sudden change 1n sample
dimensions.

The system can mclude a control system operable to auto-
matically control pumps 176, 178, 180, valves, and heating
mechanisms to carry out specified tests. In some cases, pumps
176,178, 180, valves, and heating mechanisms can be manu-
ally operated. Data from the instrumentation can be recorded
using a data acquisition system and used for control of the
system.

TABLE 1
Insitu Insitu Insitu Insitu
Uniaxial Triaxial Triaxial Uniaxial
Compressive Compressive Compressive Tensile
Name Strength Strength #1  Strength #2  Strength
Confinement =00* =00 =00 =00
Pressure
(Pump #2)
Load Pressure Increasing Increasing Increasing Decreasing
Direction from o0 from o0 from o0 from o0
(Pump #1)
Pore =00 =00 =00 =00
Pressure
(Pump #3)

*where o0 15 the imitial pressure used during curing.

The configuration of testing apparatuses 100 allow the pore
pressure to be controlled separately from the confining pres-
sure. Accordingly, the pore pressure can be maintained at the
curing pressure, set equal to the confining pressure, or set at
another arbitrary value. This allows the user replicate tests
with different pore and confining pressures to verify that the

tensile strength/compressive strength of the sample 1s not
alfected by the relationship between pore and confining pres-
SUres.

The methods and systems described can allow a liquid
slurry to cure at pressure and temperature conditions and,
while curing or after cured, to be tested for volume changes,
the mechanical response of the sample, and failure limits
without removing curing, or cured, cement from the testing,
apparatus. Testing 1n the curing vessel can reduce the possi-
bility that removal of the sample from the testing apparatus
could impart damage to the sample that would influence
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subsequent results. Testing 1n the curing vessel can also save
time and money, and reduces the limits on the ability to test
curing in a small time window relative to cure associated with
systems which require removal of the curing vessel for test-
ng.

The methods and systems described can allow for indepen-
dent control over pore pressure, confimng pressure, and load
magnitude, direction, and rate. In combination, the indepen-
dent control of these parameters allows for multiple samples
to be tested 1n replicate and with changes to one parameter at
a time to provide statistics as well as different testing condi-
tions.

The methods and systems described can provide the ability
to cure and test cement at conditions that represent a
cemented well casing.

A number of embodiments have been described. Neverthe-
less, 1t will be understood that various modifications may be
made. For example, in some embodiments, the upper end
member of the sample container 1s provided by the piston and
the lower end member of the sample container 1s provided by
the lower end cap of the pressure vessel. Accordingly, other
embodiments are within the scope of the following claims.

What 1s claimed 1s:

1. A system for testing cement, the system comprising:

at least one cement testing apparatus, each cement testing,

apparatus comprising:

a pressure vessel defimng: a working volume 1nside the
pressure vessel, the pressure vessel defining a first
channel providing liquid communication through the
pressure vessel to the working volume of the pressure
vessel and a second channel providing liquid commu-
nication through the pressure vessel to the working
volume of the pressure vessel; and

Hydrostatic
Strength

=Pump #1

Increasing
from o0

=)
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substantially tubular sample container comprising
walls extending from a first end with a first end mem-
ber having an opening to a second end with a second
end member having an opening, the end members
configured to grip ends of a cement sample 1n the
sample container, the sample container disposed in
the working volume of the pressure vessel with the
sample container substantially sealed to prevent lig-
uid communication between a sample volume,
defined by the first and second end members and a
tubular member of the sample container, and portions
of the working volume of the pressure vessel outside
the sample container, the tubular member comprising
a specified material that 1s more flexible than a mate-
rial of the first and second end members, the tubular
member comprising walls that are substantially
sealed to the first end member and the second end

member;
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wherein the sample container 1s positioned such that the
first channel provides liquid communication through the
pressure vessel to the sample volume of the sample
container; and the second channel provides liquid com-

munication through the pressure vessel to the portions of >

the working volume of the pressure vessel outside the
sample container.

2. The system of claim 1, each of the end members of the
sample container defining an internal cavity that has a first
transverse cross-sectional dimension adjacent the tubular
member and a second transverse cross-section spaced apart
from tubular member that 1s larger than the first cross-sec-
tional dimension.

3. The system of claim 1, the first end member of the
sample container having a face extending across a first open
end of the sample container, the first end member defining a
channel 1n liquid communication with a channel defined 1n a
first end cap of the pressure vessel and extending to an open-
ing in the face of the first end member.

4. The system of claim 3, the second end member having a
face extending across a second open end of the sample con-
tainer, the second end member defining a frusto-conical cav-
ity extending from an opening in the face of the second end
member.

5. The system of claim 1, the pressure vessel comprising:

a first end cap;

a second end cap; and

a sidewall member extending between the first end cap and

the second end cap.

6. The system of claim 5, the first end cap of the pressure
vessel defining the first channel through the end cap to the
working volume of the pressure vessel.

7. The system of claim 6, the second end cap defining a
third channel extending through the second end cap.

8. The system of claim 5, further comprising a piston
extending through an aperture in the second end cap of the
pressure vessel.

9. The system of claim 8, the piston defining a channel
extending through the piston, the channel 1n the piston pro-
viding liquid communication between an exterior of the pres-
sure vessel and the second end member of the sample con-
tainer.

10. The system of claim 1, the at least one cement testing
apparatus comprising a plurality of the cement testing appa-
ratuses.
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11. The system of claim 10, the system further comprising;:

a first pressure source operable to selectively supply pres-
surized liqud to the first channels of the plurality of
cement testing apparatuses; and

a second pressure source operable to selectively supply
pressurized liquid to the second channels of the plurality
of cement testing apparatuses.

12. The system of claim 1, the material of the tubular
member comprising a rubber material, and the material of the
first and second end members comprising a steel material.

13. A system for testing cement, the system comprising;:

at least one cement testing apparatus, each cement testing,
apparatus comprising:

a pressure vessel defining: (1) a working volume 1nside
the pressure vessel, (1) a first channel providing liquad
communication through the pressure vessel to the
working volume of the pressure vessel, and (1) a
second channel providing liquid commumication

through the pressure vessel to the working volume of

the pressure vessel; and

a substantially tubular sample container defimng a
sample volume inside the sample container, the
sample container comprising:

a first end member;

a second end member, the first and second end mem-
bers configured to grip ends of a cement sample in
the sample container;

walls extending from a first end with an opening to a
second end with an opening, the sample container
disposed 1n the working volume of the pressure
vessel with the sample container substantially
sealed to prevent liquid communication between
the sample volume of the sample container and
portions of the working volume of the pressure
vessel outside the sample container; and

a tubular member having walls that are substantially
sealed to the first end member and the second end
member, the tubular member comprising a material
that 1s more tlexible than a matenal of the first and

second end members,

wherein the sample container i1s positioned such that the
first channel provides liquid communication through the
pressure vessel to the sample volume of the sample
container; and the second channel provides liquid com-
munication through the pressure vessel to the portions of
the working volume of the pressure vessel outside the
sample container.
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